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ASTM F 2078 Terminology for IHE & EHE 

internal hydrogen embrittlement (IHE)—hydrogen 
embrittlement caused by absorbed atomic hydrogen into the 
steel/metallic alloy from an industrial hydrogen emitting 
process coupled with stress, either residual or externally 
applied. 

environmental hydrogen embrittlement (EHE)—hydrogen 
embrittlement caused by hydrogen introduced into a steel/ 
metallic alloy from an environmental source coupled with 
stress either residual or externally applied. 

stress corrosion cracking (SCC)—a cracking process that requires the 
simultaneous action of a corrodent and sustained tensile stress. 
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• Cadmium – Cd – Atomic No. 48 –  
– Oxidation State +2 – Sp. Gr. = 8.65 

• Soft, blue-white metal melts at 610O F  
– Mohs Hardness 2 (Gypsum) 
– Lubricous (Anti-Galling) 

• Discovered in 1817 
– By – product of Zn Refining – Purified by Vacuum Distillation 

• Corrosion Resistant in Salt Water 
– Better than Zn 

• Good Electrical Properties 
– Solderable 

• Cadmium has no known useful role in higher organisms. 
– Cadmium is an extremely toxic metal. 

Cadmium Properties - WikiFacts 

http://en.wikipedia.org/wiki/Cadmium�
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• 2009 – 18,800 metric tons Cd 
– China is Largest Producer of Cd 

• 4,300 Tones/yr (or 9.4 million pounds) 

Cadmium Production - WikiFacts 

http://upload.wikimedia.org/wikipedia/commons/3/3c/Cadmium_-_world_production_trend.svg�
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• 1930s – 40s 
– Coatings for Corrosion protection of Iron (62%) 
– Red, Yellow and Orange Pigments (26%) 
– Other uses (12%) 

• Usage in coatings peaked in the 60s and 70s and then declined 
rapidly in the 80s and 90s (Env and Health Issues) 

• Current use  
– Ni-Cd Batteries 81%  
– Coatings – 7%*       

• *6 of the 7% Used  
by Aerospace  

– Pigments – 10% 
– Other Uses – 2% 

 #1 Cd User in 2011 

Cadmium Uses - WikiFacts 
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• Provides Corrosion Protection to Steel - No red rust 
– Corrosion Resistant Coating in Salt Water (Compared to Zinc) 

• Cd corrosion rate in salt water is lower than zinc 
• Sacrificially Protects Steel  

– If Cd coating is scratched Cd coating will corrode first and 
prevent steel from corroding 

• Soft and Ductile  
– Does Not Reduce the Fatigue Life of High Strength Steel (HSS) 
– Provides lubricous coating to fasteners and gears 

• Threads still require lubricant 
• Good Electrical Properties 

– Low contact resistance 
– Cd oxides are conductive (as compared to aluminum oxides) 
– Solderable 

Why Are Cadmium Coatings So Good? 
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• All forms of Cd (Cd0  or Cd+2) are Toxic 
– Not like Cr Plating - Cr metal is non-toxic but Cr+6 is toxic 

• Do not use at > 450o F on HSS 
– Causes Liquid / Solid Metal Embrittlement of HSS 

• Do not use in fuel tanks 
– Reacts with Fuel 

• Do not use next to Ti 
– Embrittles Ti 

• Poor corrosion performance in SO2 salt spray (acidified) 
• Plating Bath Contains Cyanides 
• Causes Hydrogen Embrittlement Problems of HSS if not 

Properly Controlled 
– Controlled by Plating Methods and Baking Plated Parts 

Cadmium Issues 
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Treatment A 
Bright Cadmium 
AMS-QQ-P-416 
Use on Steels < 180 ksi 

Treatment B 
Dull Cadmium 
MIL-STD-870 
Use on Steels > 180 ksi 

ASTM F 519 
Plating Conditions 

or 

Two Forms of Cadmium Plating Exist 
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Cd+2

CN-

Fe Cd

Cd Metal

Anode RXN:  Cd Cd+2 + 2e-

Cathode RXN #1:  Cd+2 + 2e-  Cd
Cathode RXN #2:  2H+ + 2e-  H2

H2O H+ + OH-

Hydrogen Gas -
Some hydrogen
goes into the steel
And needs to be
Removed before 
steel is embrittled.

Cd Electroplating Process

Cd plating is not 100% efficient –
some hydrogen also forms at the cathode during plating.

IHE – Cadmium Plating Process 
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• Cd plating is made porous (Treatment B) to 
allow hydrogen to escape during high 
temperature bake 
– Dull Cd is required for HSS parts 

H2 
H2 H2 

Porous Cd still has good general corrosion resistance  
and is comparable to Bright Cd.   

Microscopic porosity does not affect corrosion resistance. 

Bake steel at 
400o F for 
24 hours 
to remove  
hydrogen from 
steel 

Steel 

Preventing IHE 
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• Cd Plate 4 ea ASTM F 519 Type 1a Test Specimens 
– Visually inspect notch to verify that Cd plating is present – Cross-

section to verify complete coverage 
• Bake test specimens within 4 hours of plating (375o F x 24 hrs) 
• Load Specimens at 75% NFS for 200 Hrs 
• If Specimens Don’t Break in 200 hours – Plating Process is Non-

Embrittling 

Cadmium Plated Type 1a.1 Notch 

Testing for IHE 
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• What happens when Cd plated high strength steel comes in 
contact with environment? 
– Natural Environment 

• Rain Water, Sea Water 
– Service Environment 

• Maintenance Fluids (Cleaners, Deicers, Paint Strippers, . . .) 

LHE Cadmium- Anode

H2

Steel - Cathode

LHE Cadmium - Anode

H2O H+ + OH-
Cd+2

Electrolyte /
solution

Porous Cd creates microscopic voids or thin areas that allow solutions (electrolyte) 
 to come in contact with steel surface. 

Anode RXN at Cd:  Cd  Cd+2 + 2e- Cathode RXN at Steel:  2H+ + 2e-  H2 

EHE (Re-Embrittlement) of Cadmium Plate 
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• Porosity of Cadmium Cannot Be Removed 
– This would cause an increase in IHE failures 

• Adding corrosion inhibitors to maintenance chemicals will 
prevent EHE from occurring 

LHE Cadmium- Anode 

Steel - Cathode 

LHE Cadmium - Anode 

Stopping cathode reaction with corrosion inhibitors will prevent EHE of Steel. 

No Cathode RXN at Steel:  2H+  

H2O  H+ + OH- + Corrosion Inhibitors 

Maintenance 
Fluid with 
Corrosion 
inhibitors 

NO HYDROGEN 

Preventing EHE (Service Environment) 
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• 1977 – Work carried-out by subcommittee F07.04 to develop a 
re-embrittlement test for ASTM F 519 
– Round Robin testing conducted by Lockheed, Douglas and 

Boeing aircraft companies. 
– Water used as control to determine test conditions for qualifying 

maintenance fluids 
– 45% NFS for 150 hours was established as a test criteria for 

maintenance fluids 
• LHE Cd Plated Type 1a.2 at 45% NFS will fail this test when 

exposed to water 
– 3.5% salt water not tested but should be worse than water 

– Cd Plated Steel and Water used as criteria to develop re-
embrittlement test in ASTM F 519, Annex A5 
• Used by numerous AMS and Mil Specs to qualify 

maintenance chemicals for use on aircraft 

Testing for EHE (Re-Embrittlement) 
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• Technical Objectives 
– Increase the implementation and utilization of 

environmentally friendly maintenance chemicals and 
cadmium alternatives by alleviating the HE obstacle. 

 
• Year 1 – Life models for aerospace grade 4340 steel 

 
• Year 2 – Life models for prospective maintenance chemicals 

 
• Year 3 – Life models for prospective alternative coatings 

SERDP Hydrogen Embrittlment Project 
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Type 1a.1 Results 
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Type 1a.2 Results 
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Type 1d Results 
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• Porous Cd is applied to high strength steel and the porosity 
allows hydrogen to escape during baking - prevents IHE  

• Cd sacrificially corrodes to prevent steel from corroding and 
hydrogen gas forms on steel when Cd is corroding to protect 
the steel 
– Cadmium causes EHE of steel – not the environment 

• EHE can occur on HSS when porous Cd is used and fluids do 
not contain sufficient corrosion inhibitors to stop galvanic 
corrosion 
– Insufficient coating of LHE Cd in notch increases occurrence of 

EHE 
• Porous Cd is used to prevent IHE but porous Cd does not help 

prevent EHE 
• ASTM F 519, Annex A5 was developed to qualify maintenance 

chemicals and should only be used to qualify maintenance 
chemicals 

Cadmium IHE vs. EHE Conclusions 
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1977 - Search for Cadmium Alternatives 
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Ion Implantation – Alternative to Cd? 
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IVD Aluminum – Alternative to Cadmium 
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Zinc-Nickel Plating – Alternative to Cd 
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• Aluminum 
– IVD – Only Coats OD Surfaces 
– Sputter – Developed to Coat ID Surfaces 
– Alumiplate 

• Supplier base issues 
– Ionic Liquid 

• R&D Stage 
– Cold Spray 

• Can be Used for Touch-Up and Repair 
• Alkaline Zinc-Nickel Electroplating 

– Low Strength Steels – AMS 2417 (6 to 20% Ni) 
– High Strength Steels - LHE Zn-Ni (High Ni Content – No Brighteners) 

• AF Drawing 201027456 - Dipsol IZ-C17+ 
• BAC5680 - Atotech ZNA 

• Stainless Steel, Titanium, Inconel 

2011 – Alternatives to Cadmium 
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• Aluminum is non-toxic 
• Provides Corrosion Protection to Steel 
• Soft and Ductile and Does Not Reduce the Fatigue Life of High 

Strength Steel (HSS) 
• Corrosion Resistant Coating in Salt Water and SO2 Salt Spray 

(Compared to Zinc and Cd) 
• Sacrificially Protects Steel in Salt Water 
• Can be used at temperatures up to 925o F on HSS 

– Does not Cause Liquid / Solid Metal Embrittlement of HSS 
• Can be used in fuel tanks 

– Does not react with Fuel 
• Can be used next to Ti 

– Does not embrittle Ti 
• IVD Al coating process is non-embrittling to HSS 

Why Are IVD Al Coatings So Good? 
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• IVD Al Process is Line of Sight only 
– Cannot coat ID surfaces (inside of tubes) 

• IVD Al process is expensive and difficult to maintain 
– Limited number of IVD Coating Suppliers 

• Aluminum coatings require lubricant on threaded 
fasteners 

• IVD Al is Porous (Columnar – Dendritic Structure) 
– Porosity causes poor performance in re-embrittlement 

(EHE) tests  
• Glass bead burnishing does not densify coating enough to affect re-

embrittlement test results 

– Porosity does not affect corrosion performance 
– No reports from field on EHE failures for IVD Al coated 

parts 

IVD Al Issues 
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• Zn-Ni plating process is less toxic than Cd plating process 
– Drop-in replacement process – minimum impact to supplier base 

• Provides Corrosion Protection to Steel 
– Using TriCr CC or HexCr CC 

• Harder coating is more scratch and abrasion resistant than Cd  
• Does Not Reduce the Fatigue Life of High Strength Steel 
• Corrosion Resistant Coating in Salt Water (Better than Zn, Cd, 

Al) 
• Sacrificially Protects Steel 
• Can be used at temperatures > 450o F on HSS 

– Does not Cause Liquid / Solid Metal Embrittlement of HSS 
• Zn-Ni plating process with embrittlement relief bake is non-

embrittling to HSS 

Why Are LHE Zn-Ni Coatings So Good? 
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• Contains Ni 
– Potential REACH issues 

• Requires lubricant on threaded fasteners 
• Poor corrosion performance in SO2 salt spray 

(acidified) – Similar to Cd 
• Causes Hydrogen Embrittlement Problems of HSS if 

not Properly Controlled - Similar to LHE Cd 
– Controlled by Plating Methods and Baking Plated 

Parts 
– IHE and EHE Issues Similar to Cadmium 

• Porous LHE Zn-Ni needed to prevent IHE but 
porous Zn-Ni does not help prevent EHE 

LHE Zn-Ni Issues 
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• LHE Zn-Ni Plating is a good alternative to LHE Cd Plating 
– Drop-in replacement 

• LHE Zn-Ni plating process safer to use than LHE Cd 
– LHE Zn-Ni eliminates Cd, Cyanides, and Cr+6 Process Tanks 

– Tri Cr CC or Hex Cr CC Can be Used on LHE Zn-Ni 
• Tri Cr CC Can Be applied before embrittlement relief bake 

– HE Performance of LHE Zn-Ni is similar to LHE Cd 
• LHE Zn-Ni Electroplating Process is non-embrittling 

– Tests show that 1 hour bake at 375o F is sufficient remove 
hydrogen 

• EHE issues with LHE Zn-Ni are similar to LHE Cd 
– Corrosion, Adhesion, and Fatigue Tests of LHE Zn-Ni or as good as or 

better than LHE Cd 
• However it appears that each program will run their own fatigue tests 

• Aluminum coatings are also good alternatives to Cadmium 
– Just need to find a better way to apply aluminum to aircraft parts 

Conclusions 
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